Abstract. A detailed investigation of the Raman response of the inner tube radial breathing modes (RBMs) in double-wall carbon nanotubes is reported. It revealed that the number of observed RBMs is two to three times larger than the number of possible tubes in the studied frequency range. This unexpected increase in Raman lines is attributed to a splitting of the inner tube response. It is shown to originate from the possibility that one type of inner tube may form in different types of outer tubes and the fact that the inner tube RBM frequency depends on the diameter of the enclosing tube. Finally, a comparison of the inner tube RBMs and the RBMs of tubes in bundles gave clear evidence that the interaction in a bundle is stronger than the interaction between inner and outer tubes.
Introduction
Single-wall carbon nanotubes (SWCNTs) [1, 2] have attracted a lot of scientific interest over the last decade due to their unique structural and electronic properties. In 1998, Smith et al. [3] discovered that fullerenes can be encapsulated in SWCNTs, forming so-called peapods [4] [5] [6] . By annealing such peapods at high temperatures in a dynamic vacuum the enclosed C 60 peas transform into SWCNTs within the outer tubes, thus producing doublewall carbon nanotubes (DWCNTs) [7, 8] . The growth process of the inner tubes is a new route for the formation of SWCNTs under shielded conditions in the absence of any additional catalyst.
A detailed Raman study of the radial breathing modes (RBMs) of the inner tubes revealed that these modes have intrinsic linewidths down to 0.4 cm −1 [9] . These small linewidths indicate long phonon lifetimes and therefore highly defect free inner tubes. Thus, they are a direct experimental evidence for a nano clean room reactor on the inside of SWCNTs.
Peapod grown DWCNTs are also interesting from another point of view. Usually, the peapods are produced from standard SWCNTs with diameters around 1.4 nm. Taking into account the van der Waals interaction between the walls this means that the diameters of the inner shell tubes are around 0.7 nm. For these thin tubes the possible diameters can no longer be assumed to form a quasi-continuum. Additionally, due to the inverse relation a e-mail: rpfei@ap.univie.ac.at between RBM frequency and diameter, the spectral distance between the RBMs of different inner tube types is (with few exceptions) much larger than between different outer tube RBMs. This opens the possibility to study the properties of individual SWCNTs in a bulk sample. A first application of this was the assignment of the chiral vectors to all inner tubes [10] .
Studying the Raman response of the inner tube RBMs in high resolution at 20 K revealed that the number of observed lines is about two to three times larger than the number of geometrically allowed inner tubes. In the following, we show that this unexpected increase of Raman lines can be attributed to a splitting of the response from the inner tubes. This splitting originates from the possibility that one inner tube type may form in more than one outer tube type (with different diameters) and the fact that the RBM frequency of the inner tube depends on the diameter of the enclosing parent tube. A quantitative explanation for the splitting was obtained by calculating the RBM frequencies of the inner tubes as a function of the outer tube diameter within a continuum model. Using two different scenarios regarding the possible inner-outer shell pairs, we compared the splitting obtained from the simulation with the experimentally obtained splitting. From this we conclude that not only the best fitting inner tubes are formed.
Experimental
The starting material for the DWCNTs were C 60 peapods (in the form of bucky paper) produced with a previously described method [5] . This DWCNT sample is the one discussed in Ref. 9 . The mean diameter of the assumed Gaussian diameter distribution of the outer tubes was 1.39(2) nm with a variance of 0.1 nm, as determined from the RBM Raman response [11] . The filling of the tubes large enough for C 60 to enter was close to 100 % as evaluated from a Raman [12, 13] and EELS analysis [14] . These peapods were slowly heated up to 1280
• C in a dynamic vacuum, annealed for 2 h, and were then slowly cooled down to room temperature.
The Raman spectra were measured with a Dilor xy triple spectrometer using various lines of an Ar/Kr laser, a He/Ne laser and a Ti:sapphire laser. The spectra were recorded at 90 and 20 K in normal (NR) and high resolution (HR) mode, respectively (∆ν NR = 1.3 cm −1 and ∆ν HR = 0.4 cm −1 in the red). In these measurements the samples were glued on a copper cold finger with silver paste.
Theory
The RBM frequencies of a given DWCNT were calculated using a continuum model (model 2 in Ref. 15 ). In this model, the DWCNT is represented by two nested hollow cylinders with diameters d i and d o of the inner and outer shells, respectively. The interaction between two points at a distance r on different shells was described by a Lennard-Jones (LJ) potential
where ǫ = 2.964 meV and σ = 0.3407 nm [16] . The total interaction energy Φ between the two shells was calculated by a numerical integration over unit length of the shells. For this the two shells were approximated by quadratic meshes. The mass of the carbon atoms was equally distributed over the meshes and located in their centers. The interaction energy was then calculated by summing the LJ potential over all mesh centers. The size of the meshes was reduced until the interaction energy had converged.
The interaction part of the dynamical matrix was then obtained by a numerical differentiation of Φ with respect to d i and d o . It was also assumed that the separate shells are elastic and are characterized with force constants k i and k o for the radial breathing motion. The k's were determined from the RBM frequencyν RBM of a tube which is related to the tube diameter d by [17] [18] [19] 
where C 1 and C 2 are constants. The role of C 2 is to account for all frequency shifts due to the interaction with the environment. Since this interaction was explicitly modeled in our simulations, C 2 was set zero in the calculations.
The shell diameters were taken from a DFT study [10] , giving
where
is the graphene folding diameter, a CC = 0.141 nm is the C−C distance in graphene and (m, n) is the chiral vector of the tube. Especially for small diameter tubes (d 1 nm) the DFT derived diameter instead of the graphene folding diameter has to be used. The dynamical matrix D of the DWCNT can then be written in the form For the following analysis, we calculated the RBM frequencies for all inner-outer tube pairs with inner tubes between (5, 3) (d i = 0.55 nm) and (14, 0) (d i = 1.09 nm) and possible diameter differences in the range 0.66-0.74 nm. Figure 1 depicts the Raman response of the inner tube RBMs. While the NR spectrum shows only very broad lines, the HR spectrum reveals much richer details with rather small linewidths. This becomes even more obvious when the as measured spectrum was fitted with Voigtian lines (Lorentzians convoluted with a Gaussian spectrometer response) where the spectrometer response was taken from a fit to the elastically scattered light. The resulting Lorentzian components are equivalent to a deconvoluted spectrum [9] .
Experimental Results
Using the diameter-frequency relationship from Eq. (2) it is possible to determine the number of inner tubes for a given frequency range. There is some ongoing discussion on the value of C 1 , where reported numbers range from 224 to 250 cm −1 nm [10, 21, 22] . In the following, we use the value of 233 cm −1 nm as derived from a systematic analysis of the inner shell tubes in DWCNTs [10] .
Regardless of the exact value of C 1 , between 300 and 350 cm −1 one should only see the response of eight different tubes. By looking at the HR spectrum in figure 1 , one can easily identify about 18 peaks and shoulders in this range. Hence, one can observe about two to three times more RBMs as there are geometrically allowed tubes. In order to determine the number of the split components and the width of the splitting, we fitted the spectra from figure 2 with a number of Voigtian lines. Using the chirality assignment of Ref. 10 , sets of RBM frequencies were assigned to selected inner tube types. The tubes were selected such that the assignment was unambiguous. If the frequency sets of two inner tubes overlapped the tubes were not considered in the following analysis.
For the selected inner tubes, we subtracted the mean value from the assigned frequencies and plotted the split components vs. inner tube diameter in figure 3 . It shows that the number of split components ranges between two and four with no obvious influence of the tube chirality. Additionally, the width of the splitting is about 4 cm −1 . Since not all inner tubes were considered in the analysis, this splitting value is a lower limit. (excluding C 2 ) [10] . Due to the interaction between the two shells, the inner RBM frequency increases by up to 12 cm −1 with decreasing outer tube diameter. In the diameter difference range studied, the RBM frequencies can be fitted with (a/∆d) b +ν isolated RBM (see figure 4 , lower left corners).
Simulation Results
Similarly, figure 4 (bottom) depicts the RBM frequency of a (10, 10) outer tube as a function of the inner tube diameter. Again, the larger the inner tube diameter the larger the shift of the outer tube RBM. Indeed, slight upshifts of a few cm −1 of the outer tube RBMs of DWCNTs were observed when directly compared with the empty reference SWCNTs. However, due to the quasi-continuous diameter distribution of the outer tubes, exact measurements are difficult.
In a first step, we assumed that in all outer tubes in our sample only the best fitting inner tubes are formed. Best fitting means that for every outer tube the inner tube was selected such that |d outer − d inner − 0.68 nm| → min. The splitting calculated for this assumption is depicted in figure 5 (top). The number of split components and the width of the splitting are smaller than the experimentally observed values. Therefore, in a second step, we assumed that also the second best fitting inner tubes may form. As figure 5 (bottom) shows, this assumption results in a splitting of 5.5 cm −1 which is larger than observed. This suggests that also second best fitting inner tubes form but only in cases where the energy balance is not too bad. Figure 6 compares the percentages of the number of inner tube split components obtained from the experiment with the two theoretical models discussed above. If only best fitting inner tubes form, mainly 1, 2 and 3 split components should be observed. If best and second best fitting inner tubes form, mainly 3 and 4 split components are to be expected. The experimental curve lies between the two model curves peaking around 2-3 split components. Percentage (%)
Number of split components Fig. 6 . Percentages of the number of split components from the experiment and the two theoretical models.
Discussion
The continuum model we are using was parameterized for graphite [16] and subsequently used for simulations of multi-shell fullerenes [23] and multi-wall carbon nanotubes [15] . As mentioned above, it resulted in an equilibrium diameter difference of about 0.68 nm. Abe et al. [24] reported X-ray measurements that suggest a more likely diameter difference of 0.72 nm. Even though a recent Raman analysis supports this value [25] , we think that our main results are not affected by this difference. For larger equilibrium diameters the interaction will be weaker in general and therefore more likely reduce the calculated splitting.
In the simulations we were using, only the diameter dependence of the RBM frequency shift can be evaluated but not the influence of differing chiralities of the inner and outer tubes in one DWCNT. This simplification is justified by the experimental results that show no obvious dependence of the splitting on the inner tube chirality. Therefore, we conclude that the chirality plays only a minor role. On the other hand, an influence of the chirality on the interaction energy may not be completely negligible. It can be the reason for the observed best and second best fitting tube grown inside the outer tube. Accepting this as the reason for the extended splitting has important consequences for the growth dynamics.
Always these tubes will grow which are energetically most favorable, at the high transformation temperatures. This holds even if nucleation of inner tube growth starts at different positions in the outer tube. Interesting configurations occur for the growth of a chiral tube inside an achiral tube. There, the two possible stereo-isomers are equal in energy but cannot match. The proven low concentration of defects on the inner tubes evidences that always one of the equienergetic tubes will win.
Our calculations have shown that the upshift of the inner tube RBMs can be as high as 12 cm −1 . Such an upshift of the RBM frequency does not only occur for inner tubes in DWCNTs but also for SWCNTs in bundles [19, 26] . In both cases this shift is due to the van der Waals interaction with the surrounding tubes. However, in the case of the concentric tubes the interaction is between a tube outside and a tube inside whereas in the case of the bundles it is between two tube outsides. Therefore, it was interesting to compare the upshift of encaged and bundled tubes. For this comparison we used a typical HiPco sample with a broad diameter distribution such that similar tube diameters could be compared. Figure 7 depicts the RBM Raman response of the inner tubes and the HiPco tubes. The two samples were measured simultaneously in the same experiment. This means, the spectra were recorded without changing the spectrometer position which guarantees a high precision of the measured frequency differences. Several observations can be made in this figure.
First, compared with the inner tube RBMs the HiPco RBMs are broader and do not get narrower in HR mode. This is an important detail of the results, since it demonstrates that the narrow linewidth is not a mere conse- quence of the small tube diameter. It rather underlines the high quality of the inner tubes. Additionally, the HiPco RBMs may be broadened due to the inhomogeneous environment within the bundles [26] .
Second, the HiPco RBMs are about 1.5 cm −1 more upshifted than the inner tube RBMs. The larger upshift of the HiPco sample suggests that the interaction between the tubes in the bundles is stronger than between the inner and outer shell of a DWCNT. This experimental evidence is rather surprising since the interaction area for one tube in a bundle is certainly smaller than for inner-outer tube pairs. Thus, the reason for the upshift is not yet fully understood. It may be related to a larger equilibrium diameter difference in the concentric tubes as compared to the distance between tubes in the bundles. This increased distance would reduce the interaction between inner and outer tubes.
Third, some RBMs are missing in the HiPco spectrum. Since the RBM response of even thinner tubes than the missing species is present in the HiPco spectrum the observed absence cannot be explained by the diameter distribution of the HiPco material. In fact, the missing lines show up for other excitation energies [27] . This means, the resonances of the encaged tubes are slightly different to the resonances in the bundled tubes.
Summary
We have shown that the RBMs of the inner tubes of DWCNTs are split into several components and provided a quantitative understanding from calculations. The splitting is attributed to the interaction between inner and outer tubes that causes a change of the inner tube RBM frequency. Since it is possible that one type of inner tube forms in several types of outer tubes (with slightly different diameters) every inner tube gives rise to more than one RBM in the Raman spectrum. We have further demonstrated that not only the best fitting structure is established. Finally, we have compared the RBM Raman response of inner tubes with that of similar diameter tubes in bundles. Surprisingly, the bundled tube RBMs are more upshifted than the encaged tube RBMs.
